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1.  Heat  flow  versus  temperature  for  constant  heating  rates  of  0.1,  15 

0.2,  0.5,  1.0,  and  2.0#C/minute  in  ^59.5^49.5.  Also  shown  are 

four  (essentially)  identical  cooling  runs  obtained  for  a  rate  of 
-0.5#C/minute  made  between  the  heating  runs.  These  curves  and 
those  shown  in  the  subsequent  figures  are  uncalibrated;  to  obtain 
true  heat  flow  multiply  a  given  value  by  0.86. 

2.  DSC  results  illustrating  metastability  and  subsequent  further  16 

transformation  of  mixtures  of  phases  produced  by  interrupting 

the  premartensite  transformation  in  ^‘505^49.5.  Curves 
following  0  and  30-minute  isothermal  holds  at  39.1*C  are  shown. 

Standard  DSC  curves  are  also  shown.  Heating  and  cooling  rates 
were  0. 1‘C/minute.  Isothermal  holds  greater  than  8  minutes 
yield  curves  indistinguishable  from  the  30-minute  case. 


3.  DSC  results  illustrating  metastability  and  reverse  transformation  17 

of  mixtures  of  phases  produced  by  interrupting  the  premartensite 
transformation  in  ^'505^49.5.  Curves  following  0,  2,  and  30- 
minute  isothermal  holds  at  39.0*C  are  shown.  Standard  DSC  curves 
are  also  shown.  Heating  and  cooling  rates  were  0.1*C/minute. 


4.  DSC  results  illustrating  metastability  and  reverse  transformation 
of  mixtures  of  phases  produced  by  interrupting  the  reverse 
premartensite  transformation  in  ^59,5^49,5.  Curves  following 
0  and  30-minute  isothermal  holds  at  40.9*Care  shown.  Standard 
DSC  curves  are  also  shown.  Heating  and  cooling  rates  were  0.1*C/ 
minute.  Note  the  increased  start  temperature  and  initial  reaction 
rate  in  the  retained  rhombohedral ly  distorted  CsCl  phase  cases. 
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INTRODUCTION 

Lattice  instability  and  soft  phonon  inodes  have  long  been  associated  with 
martensite  transformations  (ref  1).  For  example,  Testardi  (ref  2)  discussed 
the  association  of  structural  instabilities  and  superconductivity  in  A-15 
alloys,  in  which  the  cubic  to  tetragonal  (martensite)  transformation  is  referred 
to  as  the  Batterman-Barrett  (ref  3)  transformation,  and  Nakanishi  (ref  4)  pro¬ 
vides  a  similar  discussion  of  lattice  softening  associated  with  martensite 
transformations  with  particular  emphasis  on  thermoelastic  martensite  exhibiting 
shape  memory  effects. 

The  most  dramatic  observations  of  premartensitic  phenomena  showed  that  the 
relevant  shear  elastic  constants  approach  zero  as  the  temperature  approaches  the 
martensite  start  temperature  (Ms).  Delaey  et  al.  (ref  5)  have  also  pointed  out 
that  combinations  of  phonons  having  wave  vectors  and  polarizations  consistent 
with  the  martensite  transformation  become  soft  as  Ms  is  approached. 

Because  of  their  commercial  importance,  NiTi  alloys  have  been  the  subject 
of  intensive  study.  Oiffraction  studies  of  Sandrock  et  al.  (ref  6)  have 
demonstrated  that  in  stoichiometric  NiTi,  a  diffuse  (1,1,1)  reflection  appears 
at  temperatures  well  above  Ms,  and  a  (5/3,  7/3,  0)  reflection  appears  about  30°C 
above  Ms.  Moreover,  while  the  (1,1,1)  reflection  remains  relatively  constant  in 
intensity,  the  (5/3,  7/3,  0)  intensity  increases  sharply  as  the  temperature  is 
reduced  toward  Ms,  reaches  a  cusp-like  maximum  near  Ms,  and  then  decreases 
sharply  below  Ms,  finally  vanishing  near  the  martensite  finish  temperature  (Mf). 
Similar  premartensitic  effects  are  seen  in  thermal  analysis  and  electrical 
resistivity  studies  in  NiTi  alloys  and  have  been  ascribed  to  instability  effects 
in  the  parent  phase  (CsCl  structure). 


References  are  listed  at  the  end  of  this  report. 


The  close  proximity  of  the  premartensite  transformation  and  the  martensite 
transformation  in  temperature  has  made  the  study  of  the  premartensite  transfor¬ 
mation  in  stoichiometric  NiTi  unwieldy.  Recently,  Matsumoto  and  Honma  (ref  7) 
demonstrated  that  in  Ti5gNi47Fe3,  an  effective  isolation  of  the  premartensite 
transformation  is  possible.  Salamon,  Meichle,  and  Wayman  (ref  8)  (SMW)  measured 
x-ray  and  neutron  diffraction,  specific  heat,  and  magnetic  susceptibility  asso¬ 
ciated  with  the  premartensite  transformation  in  iron-doped  NiTi  alloys  in  which 
the  martensite  transformation  is  completely  suppressed. 

In  the  following  discussion,  the  CsCl  phase  (parent  phase)  is  denoted  as  0. 
Following  SMW,  let  Tj  be  the  temperature  at  which  super lattice  reflections  first 
appear  on  cooling  the  0  phase.  Tj  corresponds  to  the  start  temperature  for  the 
premartensite  transformation  as  seen,  for  example,  in  a  differential  scanning 
calorimetry  (DSC)  study.  Let  Tf  be  the  finish  temperature  for  the  premartensite 
transformation.  The  rhombohedrally  distorted  CsCl  phase,  which  is  metastable  at 
temperatures  between  Ms  and  Tf,  will  be  denoted  as  0’ . 

According  to  SMW,  the  premartensite  transformation  consists  of  two  separate 
transformations:  the  first,  which  commences  at  Tj,  yields  a  phase  composed  of 
incommensurate  charge  density  waves  on  an  undistorted  cubic  CsCl  lattice.  We 
denote  this  phase  0*.  The  0*  phase  subsequently  transforms  to  0',  by  a 
"lock-in"  transformation  (wherein  the  host  lattice  distorts  to  accommodate  the 
wave  vector  of  the  wave  that  produces  the  superlattice  reflections)  which  com¬ 
mences  at  a  temperature  Tr.  At  this  temperature  SMW  observe  the  abrupt 
appearance  of  Bragg  peak  splittings. 

To  summarize  the  SMW  picture,  one  has  the  following  metastable  states  for 
NiTi  alloys  cooled  from  above  Tj: 

1 .  T  >  T j :  Pure  0  phase . 


2.  Tj  >  T  >  Tr:  Either  pure  0*  phase  exists,  in  which  the  charge  density 


wave  (CDW)  intensity  increases  as  T  approaches  Tr,  or  mixtures  of  0  and  0* 


phases  coexist.  In  either  case,  the  atomic  arrangement  remains  (cubic)  CsCI 


3.  Tr  >  T  >  Tf:  At  Tr  an  abrupt  lock-in  occurs  (Bragg  peaks  split),  wherein 


the  structure  becomes  0',  i.e.,  rhombohedrally  distorted  CsCI.  As  the  tem¬ 


perature  is  reduced  toward  Tf,  the  rhombohedral  angle  increases  continuously. 


SMW  discuss  this  as  though  the  crystal  were  100  percent  rhombohedrally  distorted 


CsCI  throughout  this  temperature  range. 


It  may  be  possible  to  interpret  the  present  data  in  terms  of  pure  0*  with 


increasing  CDW  intensity  for  Tj  >  T  >  Tr  and  pure  0'  with  increasing  rhom¬ 


bohedral  angle  for  Tr  >  T  >  Tf  following  SMW,  but  we  will  present  our  discussion 


allowing  for  mixtures  of  phases.  Thus,  for  example,  when  we  speak  of  metastable 


mixtures  of  phases,  one  might  also  consider  a  metastable  rhombohedral  angle  or 


intensity  for  a  CDW  state. 


4.  Tf  >  T  >  Ms:  Pure  0'  phase  with  invariant  rhombohedral  angle. 


SMW  made  the  following  observations  in  their  study  of  the  premartensite 


transformation  in  3.2  percent  iron-doped  NiTi:  (1)  Tj  *  232°K,  (2)  Tr  =  224°K, 


and  (3)  except  for  the  observation  of  needle-shaped  regions  having  a  (1,1,0) 


twin  relationship  with  surrounding  material  and  the  appearance  of  small 


shoulders  on  the  (2,2,2),  (2,2,0),  and  (2,1,0)  Bragg  peaks,  no  discontinuities 


are  seen  in  any  measurements  as  T  passes  through  Tr.  (SMW  suggest  that  resis¬ 


tivity  and  specific  heat  anomalies  occur  at  Tr;  however,  it  is  evident  from 


their  Figures  2  and  4  that  these  effects  commence  near  Tj  and,  in  fact,  the 


resistivity  versus  T  curve  and  the  (2/3, 1/3,0)  neutron  superlattice  peak  inten¬ 


sity  versus  T  curve  have  essentially  the  same  shape.) 


We  report  here  on  a  thermal  analysis  study  of  the  premartensite  transfor¬ 
mation  in  NigQ^Tijg.g.  As  suggested  by  Nishida  and  Wayman  (unpublished,  as 
referenced  in  SMW),  the  premartensite  transformation  is  well  separated  from  the 
martensite  transformation  in  this  alloy  (Tf  a  38°C,  Ms  a  10#C).  It  is 
interesting  that  upon  heating  this  alloy  from  the  purely  martensite  phase, 
transformation  to  (S'  (or  possibly  0*)  is  fol lowed  by  transformation  to  0  phase. 
We  provide  detailed  information  on  the  nature  of  the  premartensite  transfor¬ 
mation  in  1^50.51^49.5  and,  in  particular,  address  the  proposal  of  SMW  that 
there  are  actually  two  phase  transformations  (0  -  0*  and  0*  -  0')  comprising  the 
premartensite  transformation  in  NiTi  alloys. 

EXPERIMENTAL  DETAILS 

All  of  the  data  were  accumulated  using  a  Dupont  1090  Thermal  Analysis 
System.  The  data  given  in  the  figures  were  obtained  from  a  disc-shaped  sample 
of  material  whose  mass  is  33  mg.  Equivalent  results  were  obtained  for  other 
samples.  The  heat  flow  values  shown  in  the  figures  are  "uncalibrated."  The 
Dupont  1090  system  requires  a  temperature-dependent  calibration.  The  calibra¬ 
tion  constant  appropriate  to  the  temperature  range  of  the  premartensite 
transformation  in  ^50.5^49.5  was  obtained  via  determination  of  the  specific 
heat  of  aluminum  and  yields  a  value  of  0.86  (i.e.,  true  value  *  0.86  x  measured 
value).  The  aluminum  specific  heat  calibration  is  consistent  with  indium  (and 
other)  melting  enthalpy  calibrations.  The  samples  were  fabricated  from  material 
supplied  by  Reactive  Metals,  Inc.,  which  was  the  subject  of  an  earlier  study  by 
Mi  1 1 igan  (ref  9) . 

All  DSC  data  presented  were  preceded  by  an  isothermal  soak  at  a  temperature 


near  the  transformation  range  (either  in  pure  0  or  pure  0'  phase)  for  several 


hours.  When  this  stage  was  omitted,  characteristic  temperatures  varied  during 
the  course  of  an  experiment  by  up  to  0.4°C. 

RESULTS  ANO  DISCUSSION 

Continuous  Cooling  and  Heating  Curves 

The  samples  in  these  runs  were  prepared  in  pure  fi  phase  to  obtain  con¬ 
tinuous  cooling  curves  and  in  pure  /S'  phase  to  obtain  continuous  heating  curves. 
The  continuous  cooling  transformations  began  at  39.8  ±  0.1*C  (i.e.,  Tj  a 
39.8°C).  Figure  1  shows  DSC  results  following  a  four-hour  isothermal  hold  at 
39°C  for  heating  rates  of  0.1,  0.2,  0.5,  1.0,  and  2.0#C/minute.  Also  shown  are 
four  essentially  identical  cooling  curves  obtained  at  -0.5#C/minute.  The  iden¬ 
tical  cooling  rates  between  the  varying  heating  rates  were  employed  to  confirm 
the  absence  of  drifts  in  the  DSC  apparatus  and  the  absence  of  significant 
changes  in  the  sample.  A  set  of  cooling  curves  for  different  rates  looks  very 
similar  to  the  set  of  heating  curves  shown;  one  may  compare  the  -0.5°C/minute 
curve  shown  in  Figure  1  with  the  curves  for  -0.1*C  shown  in  the  later  figures. 
Transformation  enthalpy  deduced  from  these  curves  is  4.75  ±  0.1  J/gm  (including 
the  calibration  correction);  it  is  rate- independent  and  is  equal  to  that 
obtained  from  cooling  curves  within  experimental  uncertainties.  Compare  this 
with  6.49  J/gm  in  ^50.5^49.5  as  measured  by  Mukherjee  et  al.  (ref  10). 

Although  the  Dupont  1090  will  not  control  for  |  T  |  <  0.1*C,  it  is  clear  from  our 
determination  of  isothermal  transformation  effects  described  in  the  next  subsec¬ 
tion,  that  an  even  sharper  transformation  would  be  observed  at  lower  rates. 

Note  that  the  premartensite  DSC  peaks  observed  in  nonstoichiometric 
Ni50.5T'i49.5  at  rates  less  than  2#C/minute  are  much  sharper  than  those  seen  in 
stoichiometric  NiTi  at  10*C/minute  and  in  3.2  percent  iron-doped  NiTi  alloys  as 


reported  by  SMW  (for  an  unspecified  cooling  rate).  Also,  as  reported  by  SMW  for 
..neir  iron-doped  NiTi  alloys,  there  is  no  indication  in  these  (standard)  DSC 
results  of  a  two-step  transformation  process. 

Interrupted  Heating  and  Cooling  DSC  Runs 

We  performed  a  variety  of  experiments  on  samples  prepared  in  mixtures  of 
phases.  The  purpose  of  these  studies  was  to  obtain  detailed  information  con¬ 
cerning  the  nature  of  the  premartensite  transformation  and,  in  particular,  to 
search  for  thermal  evidence  for  a  two-part  transformation  in  which  only  0  +  0* 
mixtures  occur  for  temperatures  between  Tj  and  Tr  and  mixtures  of  0',  0*,  and  0 
occur  for  temperatures  between  TP  and  Tf.  Because  the  transformation  peaks  are 
very  sharp,  all  the  interrupted  DSC  curves  shown  were  obtained  for  |  T  |  = 
0.1‘C/minute  (the  slowest  rate  controlled  by  the  Dupont  1090  system). 

Figure  2  exhibits  a  DSC  run  obtained  by  (1)  holding  at  44*C  for  5  hours, 

(2)  cooling  to  39.1°C,  (3)  heating  to  40*C,  (4)  cooling  to  36*C,  (5)  heating  to 
44*C ,  (6)  cooling  to  39.1*C,  (7)  holding  at  39.1#C  for  30  minutes,  (8)  heating 
to  40®C ,  and  (9)  cooling  to  36*C.  The  section  of  the  DSC  curve  obtained 
following  the  30-minute  hold  at  39.1#C  is  essentially  identical  to  that  for  any 
isothermal  hold  longer  than  8  minutes  at  39.1*C.  We  shall  refer  to  a  DSC  curve 
obtained  by  heating  or  cooling  entirely  through  a  transformation  as  a  standard 
DSC  curve,  as  opposed  to  curves  obtained  from  interrupted  transformations.  The 
standard  DSC  curve  obtained  by  cooling,  starting  from  the  pure  0  phase  at 
0.1®C/minute  is  also  shown.  The  results  in  Figure  2  are  qualitatively  equiva¬ 
lent  to  runs  obtained  with  interruptions  throughout  the  entire  cooling  peak. 
These  results  show  that:  (1)  No  temperature  of  interruption  exists  between  Tj 


and  Tf  where  any  qualitative  change  in  the  subsequent  behavior  of  the  mixture  of 


phases  produced  by  the  interrupted  transformation  could  be  found  in  a  OSC  study. 
In  particular,  for  a  given  fraction  transformed  (whether  during  a  30-minute 
isothermal  hold  at  a  given  temperature  or  a  30-second  isothermal  hold  at  a  lower 
temperature)  identical  subsequent  behavior  is  observed  in  these  OSC  studies. 

(2)  All  mixtures  of  0,  0* ,  and  0'  (allowing  for  the  most  general  case)  produced 
by  interrupting  the  premartensite  transformation  are:  (a)  metastable  below  the 
start  temperature  for  the  reverse  premartensite  transformation,  and  (b)  remain 
metastable  until  recooled  to  approximately  the  interruption  temperature.  (3) 
Significant  transformation  occurs  during  isothermal  holds  in  the  premartensite 
transformation  range.  For  example,  analysis  of  the  data  presented  in  Figure  2 
indicates  that  more  than  70  percent  of  the  0  phase  is  transformed  following  the 
30-minute  hold  at  39.1®C,  while  only  ~  30  percent  is  transformed  with  no 
isothermal  hold.  (4)  The  transformation  remains  incomplete  for  interruptions 
above  approximately  38.9°C. 

Figure  3  exhibits  OSC  curves  for  samples  prepared  in  mixtures  of  phases  as 
in  Figure  2,  with  the  cooling  interrupted  at  39.0°C,  and  then  heated  through  the 
reverse  premartensite  (0'  -  0)  transformation  temperature  range.  The  results  of 
these  studies  are  completely  in  accord  with  observations  (1)  through  (4)  con¬ 
cerning  the  results  of  Figure  2.  However,  results  of  the  type  shown  in  Figure  3 
exhibit  a  striking  feature:  the  start  temperature  and  initial  reaction  rate  for 
the  reverse  premartensite  transformation  are  independent  of  the  fraction  of  0 
transformed  and  are  indentical  to  the  values  for  100  percent  0'. 

The  results  of  the  series  of  runs  interrupting  the  premartensite  transfor¬ 
mation  in  1^50.5^49,5  exemplified  by  the  data  in  Figures  2  and  3  indicate  that 
if  Tr  exists  between  Tj  and  Tf,  then:  (1)  In  contrast  to  the  iron-doped  NiTi 
case,  the  0'  phase  does  not  transform  back  to  0*  on  reheating.  Evidence:  no 


energy  is  exchanged  until  the  start  temperature  for  the  reverse  premartensite 
transformation  is  reached  nor  is  any  transformation  enthalpy  unaccounted  for. 

(2)  The  kinetics  of  the  0*  -  0  and  0'  -  0  transformation  are  indistinguishable. 
This  would  be  a  truly  remarkable  finding  since  0*  is  assumed  to  be  a  CDW  state 
on  the  same  cubic  CsCl  structure  as  in  0,  while  0'  corresponds  to  a  rhom- 
bohedrally  distorted  CsCl  phase.  However,  we  cannot  dismiss  this  possibility, 
because  the  SMW  results  in  iron-doped  NiTi  indicate  a  remarkable  similarity  in 
the  properties  of  0*  and  0'.  SMW  provide  evidence  for  continuous  variation  of 
electrical  resistivity,  specific  heat,  temperature  derivative  of  magnetic 
susceptibility,  and  peak  intensity  of  various  superlattice  reflections  in  the 
vicinity  of  Tr  in  3.2  percent  iron-doped  NiTi,  while  the  clear  indication  of  the 
0*  -  0'  transformation  is  an  abrupt,  although  subtle,  splitting  of  certain  Bragg 
peaks  and  the  appearance  of  needle- like  domains. 

Nevertheless,  it  seems  more  plausible  that  if  there  is  a  temperature  Tr  in 
n‘*50.5Ti’49.5»  if  is  extremely  close  to  Ti  making  it  impossible  for  us  to 
interrupt  transformation  between  Tj  and  Tr.  Thus,  a  simpler  explanation  of  the 
data  in  Figures  2  and  3  would  be:  (1)  The  breadth  of  the  premartensite  transfor¬ 
mation  reflects  the  fact  that  different  regions  of  the  sample  transform  from  0  - 
0'  at  slightly  different  temperatures.  (2)  The  invariance  of  the  start  tem¬ 
perature  and  initial  reaction  rate  with  the  amount  transformed  and  the  con¬ 
tinuous  variation  of  the  form  of  the  reverse  premartensite  transformation  (as 
seen  in  Figure  3)  imply  that  regions  transform  back  to  the  0  phase  in  reverse 
order  to  that  in  which  they  transform  in  the  0  -*  0'  transformation.  (3)  Since 
only  mixtures  of  0  and  0'  are  produced,  there  is  no  need  to  postulate  that  a 
third  phase  0*  exists  that  has  identical  metastability  and  transformation  kinet¬ 
ics  on  heating  and  cooling  to  those  of  0'. 


Mixtures  of  phases  can  also  be  prepared  by  partially  transforming  the  0' 
phase  by  interrupting  heating  through  the  reverse  premartensite  transformation. 
DSC  curves  completely  analogous  to  those  of  Figure  2  were  obtained  for 
appropriate  thermal  histories.  For  example,  heating  to  40.8*C,  performing 
isothermal  holds,  cooling  to  40#C,  and  finally,  heating  completely  through  the 
0'  -  0  transformation  yield  peaks  on  the  high  side  of  the  standard  peak,  and 
yield  other  effects  analogous  to  those  in  Figure  2. 

However,  runs  analogous  to  that  shown  in  Figure  3  exhibit  a  new  effect. 

The  curves  in  Figure  4  were  obtained  by  heating  to  40.9°C,  performing  isothermal 
holds,  and  then  cooling  through  the  premartensite  transformation  (0-0')  tem¬ 
perature  range.  Standard  DSC  curves  are  also  shown.  Figure  4  is  typical  of 
such  interrupted  reverse  premartensite  transformation  runs.  Apparently,  the 
preexisting  fraction  of  0*  retained  after  partial  transformation  to  0  causes  an 
increase  in  the  start  temperature  and  the  initial  reaction  rate  for  the  premar¬ 
tensite  transformation.  Note,  however,  that  the  start  temperature  and  initial 
reaction  rate  are  invariant  to  the  specific  amount  of  preexisting  0',  as  long  as 
a  detectable  amount  has  been  retained.  Again,  runs  like  that  shown  in  Fiture  4 
yield  a  continuous  set  of  curves,  whose  specific  form  is  determined  by  the  Tac¬ 
tion  transformed  during  the  interrupted  transformation.  The  simplest  interpre¬ 
tation  involves  only  two  phases,  0  and  0',  and  is  consistent  with  that  given  for 
interrupted  premartensite  transformations.  The  change  in  the  start  temperature 
and  initial  reaction  rate  in  the  case  of  retained  0'  could  be  attributed  to  the 
action  of  retained  0'  as  nucleation  sites  for  further  transformations  or  sources 
of  internal  strains  which  then  help  drive  the  transformation.  Interpretations 
in  terms  of  a  two-step  transformation  cannot  be  categorically  rejected,  although 


one  would  have  to  interpret  the  variations  of  Tf  and  presumably,  Tr,  etc.  with 
preexisting  fi' . 


An  interpretation  of  the  facts  in  Ni  59. 5^49.5  in  terms  of  pure  phases  with 
varying  characteristics  seems  unlikely.  For  example,  one  would  have  to  explain 
why  the  pure  /S'  phase  characterized  by  a  given  (metastable)  rhombohedral  angle 
would  have  its  subsequent  transformation  properties  determined  by  its  immediate 
past  history. 

SUMMARY  AMO  CONCLUSIONS 

A  OSC  study  of  premartensitic  effects  in  Ni50  5^49.5  has  been  performed. 
The  thrust  of  the  experimental  effort  was  directed  at  determining  ranges  of 
metastability  and  transformation  kinetics  of  the  premartensitic  phases  and,  in 
particular,  to  establish  properties  of  the  intermediate  charge  density  wave 
phase  identified  by  SMW  in  the  closely  related  iron-doped  NiTi  alloys. 

The  premartensite  transformation  in  1^50.5^49.5  is  quite  sharp,  having 
full  width  at  half  maximum  (FWHM)  a  0.4*C  at  0. l*C/minute,  compared  to  the 
corresponding  transformations  in  iron-doped  and  stoichiometric  NiTi.  The  trans¬ 
formation  enthalpy  is  4.75  J/g.  Substantial  isothermal  transformation  is 
observed  for  temperatures  in  the  transformation  range  and  a  range  of  tem¬ 
peratures  exists  for  which  the  transformation  is  incomplete  for  both  the  direct 
and  reverse  premartensite  transformations.  The  direct  and  reverse  transfor¬ 
mation  OSC  peaks  are  separated  by  approximately  2°C. 

Mixtures  of  phases  or  intermediate  phases  (for  example,  following  SMW,  fi' 
phases  with  varying  values  of  the  rhombohedral  angle)  are  metastable  for 
temperatures  ranging  between  approximately  the  temperature  at  which  they  are 
formed  to  the  start  temperature  for  the  reverse  transformation.  Furthermore, 


when  such  mixtures  are  brought  through  the  reverse  transformation,  the  start 
temperature  and  initial  reaction  rate  are  invariant.  In  the  case  of  mixtures 
produced  by  interrupting  the  premartensite  transformation  0  -  0',  the  start  tem¬ 
perature  and  initial  reaction  rate  for  the  reverse  premartensite  transformation 
are  identical  to  their  values  for  100  percent  0'  starting  material.  However,  in 
the  case  of  mixtures  produced  by  interrupting  the  reverse  premartensite  trans¬ 
formation  0-0',  the  start  temperature  and  initial  reaction  rate  for  the  pre- 
martensite  transformation  are  larger  than  their  value  for  100  percent  0  starting 
material.  All  the  DSC  curves  describing  the  subsequent  behavior  of  mixtures  of 
phases  produced  by  interrupting  the  direct  or  reverse  premartensite  transfor¬ 
mation  fall  into  continuous  sets  governed  only  by  the  fraction  transformed 
(independent  of  the  temperature  at  which  transformation  occurs)  with  the  excep¬ 
tion  of  the  100  percent  starting  case. 

If  the  premartensite  transformation  in  Ni50.5T-i49.5  does  consist  of  two 
separate  phase  transformations,  then  either  (1)  the  temperature  for  the 
"lock-in"  transformation  Tr  is  very  close  to  Tj,  or  (2)  the  metastability  and 
reaction  kinetics  for  phases  0'  and  0*  are  indistinguishable.  The  latter  possi¬ 
bility  cannot  be  dismissed  because  in  the  case  of  iron-doped  NiTi,  the  0'  and  0* 
phases  have  nearly  identical  physical  properties,  as  may  be  seen  in  the  con¬ 
tinuity  of  specific  heat,  electrical  resistivity,  magnetic  susceptibility,  and  a 
variety  of  superlattice  reflection  intensities  at  Tr  in  the  work  of  SMW. 

Nevertheless,  it  is  more  likely  that  a  simpler  interpretation  involving 
only  two  phases,  the  CsCl  structure  0  phase  and  the  rhombohedrally  distorted 
CsCl  0'  phase,  is  appropriate  for  Ni5Q. 51749.5.  Data  concerning  ranges  of 
metastability  and  reaction  rates  imply  that  the  direct  and  reverse  premartensite 


transformation  widths  are  due  to  a  distribution  of  regions  in  the  alloy,  which 
transform  from  the  cubic  to  the  rhombohedrally  distorted  CsCl  phase,  0  -  0', 
over  a  range  of  temperatures.  Then  these  regions  transform  back,  0'  -  0,  in 
reverse  order  upon  reheating.  Data  also  support  the  hypothesis  that  the 
retained  0'  phase  increases  the  start  temperature  and  initial  reaction  for  the 
premartensite  transformation,  0-0’,  while  the  retained  phase  has  negligible 
effects  on  the  0'  -  0  transformation.  This  further  suggests  that  the  retained 
0'  acts  as  nucleation  sites  for  0'  -  0. 

The  differences  in  premartensite  behavior  in  the  nickel-Mch  alloy, 
Ni50.5Ti49.5'  and  the  iron-doped  NiTi  alloys,  TisoNi47Fe3  and  Ti50.1Ni4g.7Fe3. 2 
are  quite  striking.  Both  types  of  alloys  are  interesting  and  commercially 
important  in  their  own  right.  However,  generalizations  of  behaviors  observed  ii 
specific  iron-doped  or  nonstoichiometric  NiTi  alloys  may  be  unwise. 
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Figure  1.  Heat  flow  versus  temperature  for  constant  heating  rates  of  0.1,  0.2,  0.5,  1.0,  and  2.0*C/minute  in 
N'i50.5T'*49.5-  Also  shown  are  four  (essentially)  identical  cooling  runs  obtained  for  a  rate  of 
-0.5*C/minute  made  between  the  heating  runs.  These  curves  and  those  shown  in  the  subsequent 
figures  are  uncalibrated;  to  obtain  true  heat  flow  multiply  a  given  value  by  0.86. 


0*0 


Figure  2.  DSC  results  illustrating  metastability  and  subsequent  further  transformation  of  mixtures  of  phases 
produced  by  interrupting  the  premartensite  transformation  in  Niso. 51^49.5.  Curves  following  0  and 
30-minute  isothermal  holds  at  39.1°C  are  shown.  Standard  DSC  curves  are  also  shown.  Heating  and 
cooling  rates  were  0. l°C/minute.  Isothermal  holds  greater  than  8  minutes  yield  curves 
indistinguishable  from  the  30-minute  case. 


0.0 


Figure  3.  DSC  results  illustrating  metastability  and  reverse  transformation  of  mixtures  of  phases  produced  by 
interrupting  the  premartensite  transformation  in  NigogT^gg.  Curves  following  0,  2,  and  30- 
minute  isothermal  holds  at  39.0°C  are  shown.  Standard  DSC  curves  are  also  shown.  Heating  and 
cooling  rates  were  0. l#C/minute. 


Figure  4.  DSC  results  illustrating  metastability  and  reverse  transformation  of  mixtures  of  phases  produced  by 
interrupting  the  reverse  premartensite  transformation  in  ^50  5^49  5.  Curves  following  0  and  30- 
minute  isothermal  holds  at  40.9°C  are  shown.  Standard  DSC  curves  are  also  shown.  Heating  and 
cooling  rates  were  0. l°C/minute.  Note  the  increased  start  temperature  and  initial  reaction  rate 
in  the  retained  rhombohedral ly  distorted  CsCl  phase  cases. 
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